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Concrete shells have been widely used in the past as economical
and suitable solutions for a number of structures such as roofs,
silos, cooling towers and offshore platforms. Taking advantage of
their single or double curvature, bending moments and shear
forces are limited, and the structures develop mostly membrane
(in-plane) forces, allowing them to span large distances with
 limited thicknesses (typically just a few centimetres). In recent
decades, advances in numerical modelling, formwork erection
and concrete technology have opened up a new set of possibili-
ties for the use of concrete shells. This paper describes the
 design and construction of a shell in the form of an ellipsoid
(93 × 52 × 22 m) and with thickness varying between 100 and
120 mm. The shell was built using sprayed concrete and also or-
dinary concrete in some regions. A number of tailored solutions
were also adopted, such as post-tensioning, addition of fibres
and shear studs, to ensure satisfactory performance at both the
serviceability and ultimate limit states.
Keywords: shell, concrete structure, design, sprayed concrete, 
fibre-reinforced concrete, architecture
1 Introduction
Masonry arches and vaults
The history of masonry arches and vaults is rich and em-
braces a number of building traditions. Detailed sum-
maries and analyses can be consulted elsewhere [1–5]. Ma-
sonry arches were most probably the first structures
invented by mankind to span significant distances across
rivers or valleys. These structures, which might have been
inspired by natural shapes, appeared as early as the 2nd
millennium BC in Mesopotamia. They are composed of a
set of prepared stones (voussoirs) arranged side by side in
direct contact or with intermediate mortar. Taking advan-
tage of the shape of the arch, external actions (gravity-in-
duced forces and imposed loads) are carried by the com-
pression forces that develop internally and at the
interfaces between the voussoirs (and sometimes through
the spandrel walls and filling at the extrados of the ma-
sonry works). The line defining the theoretical resultant of
the compression forces equilibrating the external actions
is usually called the “thrust line” (comprising its associat-
ed thickness referring to the material strength) and needs
to remain inside the masonry since no tensile stresses are
acceptable at the joints of such constructions [5]. The
shape of the arch is thus decisive. Shapes where the thrust
line does not remain inside the masonry are not in equi-
librium with the external actions and lead to the collapse
of the structure.
Vaults are double-curvature surfaces assembled from
masonry voussoirs or bricks. They have traditionally been
used as roofs or to cover underground constructions. As
for masonry arches, vaults need to develop the thrust sur-
face within the masonry work. However, loads can be car-
ried in more than one direction due to the double curva-
ture of the vaults. For classical dome shapes, with
spherical soffits, the pressure surface can be kept within
the masonry by significantly increasing its thickness in se-
lected zones (e.g. Pantheon dome, Rome). In these cases
the vaults exert a horizontal thrust at the bottom sup-
ports. Another possibility is to provide the vault with tan-
gential tensile forces, keeping the pressure surface within
the masonry. St. Peter’s basilica (Vatican City) was
strengthened in the mid-18th century with four iron chains
serving as a tension ring after large cracks in the dome
were discovered [5].
Reinforced concrete shells
The problems observed for masonry works, and in partic-
ular for vaults (adequacy of the form for the actions lead-
ing to significant thicknesses), can be mostly solved with
the addition of reinforcement, whose tensile forces can
 deviate the thrust surface, allowing it to lie within the
 concrete. As a consequence, reinforced double-curvature
structures develop mostly membrane forces (in-plane axial
and shearing forces) and very limited bending and out-of-
plane shear forces. As a consequence, the required thick-
ness can be significantly reduced, leading to double-curva-
ture thin concrete shells.
Following this principle of membrane behaviour, the
first concrete shells were built expressing this potential in
a clear manner [6]. Designers in Europe (F. Dischinger, E.
Torroja, R. Maillart) and America (A. Tedesko) experi-
enced the advantages of such constructions with thick-
nesses as low as 30–40 mm. These works, built mainly be-
tween 1910 and 1940, typically used shapes defined by
analytical expressions (such as sections of spheres, cylin-
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ders or hyperbolic paraboloids). They included stringers
in the edges to ensure membrane behaviour as perfectly as
possible. The difficulties encountered in the analytical
treatment of thin shells explains the rather limited number
of shapes used during this period and the low number of
designers using them. Following this period, interesting
new developments took place between 1940 and 1970 in
America, instigated by the Spanish architect F. Candela
and the Uruguayan engineer E. Dieste (the latter also in-
volved with the development of masonry shells). Their ap-
proach consisted of performing analyses that were as sim-
ple as possible (Candela particularly) and combining
different sections of previous shapes, preferring mostly hy-
perbolic paraboloids due to their plastic qualities and ease
of construction. Their approach led to a larger and richer
variety of forms. In Switzerland, H. Isler [7, 8], too, built an
impressive number of unusual shells between the 1960s
and 1980s whose shape was obtained and optimized by
different mechanical analogies (pneumatic, gravity-shaped
membranes, etc.). It should be noted that, actually, the dif-
ferent experiences with concrete shells were mostly linked
to the skills of their designers rather than to a continuous
evolution in concrete shell design.
In the 1980s and 1990s, concrete shells were seldom
used as a consequence of the large number of man-hours
required for building formwork and placing reinforcement
with respect to the material costs, which typically gave pri-
ority to other structural solutions. In recent years, the situ-
ation has changed somewhat. The possibilities offered by
new types of concrete (as fibre-reinforced concrete), rein-
forcement, numerical cutting of formwork and its posi-
tioning on the construction site as well as the new possi-
bilities available for the analysis of these structures
(related mostly to computer software) have allowed the
development of a new approach to shells, with more free-
dom in the choice of shape. Nevertheless, an understand-
ing of the role of double curvature, the load-carrying
mechanisms and the governing limit states of these struc-
tures still remains essential to the design of shells. This is
particularly relevant with respect to the analysis of the
buckling behaviour of these structures. A state-of-the-art
review of this topic was published in 1979 [9] by the Inter-
national Association for Shell & Spatial Structures, pro-
viding guidance on such design. However, research is still
being performed in this area [10, 11] and remains neces-
sary.
In the following, the most significant aspects of the
design and construction for concrete shells will be dis-
cussed with reference to a shell built recently in Switzer-
land, a project in which the authors of this paper were in-
volved.
2 Design of a concrete shell for covering a mall 
at Chiasso, Switzerland
Why a concrete shell?
An ellipsoid-shaped roof was planned to cover a new mall
to be constructed at Chiasso, Switzerland. This roof satis-
fied the requirements of the client in terms of usability, ar-
chitectural needs and image. The thickness of the ellip-
soid was decisive since it directly influenced the amount
of floor area that could be let, see Fig. 1a. Solutions were
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investigated using timber and steel linear elements. Local
buckling, however, was the governing factor for these solu-
tions, requiring significant thicknesses in the most critical
parts. This led to uneconomical solutions for the client,
with significant reductions in the lettable floor area. By
contrast, a concrete shell was shown to be a suitable solu-
tion. Its thickness was only 100 mm in the critical regions
influencing the lettable floor area. This allowed the client
to have sufficient space available and optimized the cost
of the mall (Fig. 1b).
Geometry and main properties of shell
The ellipsoid shell has axis dimensions of 92.8 m (major
axis) and 51.8 m (minor axis) and is 22.5 m high. The
 ellipsoid is cut by a horizontal plane and is supported on a
concrete basement composed of transverse walls, leading
to a total height for the shell of 18.24 m, see Fig. 2. The
thickness of the shell varied. A value of 100 mm was se-
lected as the default thickness. This was governed by con-
structive issues (minimum thickness considering rein-
forcement cover necessary) and also ensured adequate
safety against buckling.
Four layers of reinforcement were provided, two at
the intrados and two at the extrados of the shell. The rein-
forcement layers were oriented following the radial
(meridian) and tangential (parallel) directions. This was
selected as the most effective layout for structural reasons.
The four-layer arrangement was needed to control the
bending moments and shear forces that develop at the
basement connection, near the prestressed zone, and for
connecting to the steel structure at the zenith opening
(Fig. 2). Bending moments and shear forces in other re-
gions were very limited. Four reinforcement layers were
nevertheless arranged in all regions for constructional rea-
sons, to ensure suitable crack control (which may appear
depending on the load cases) and to ensure adequate safe-
ty against buckling of the structure.
In addition to the ordinary reinforcement, 35 post-
tensioned tendons (0.6  inch monostrand tendons) were
arranged near the equator of the shell (from level +5.50 m
to level +12.60 m, see Fig. 1) to carry membrane tension in
the horizontal direction. (They also presented a limited di-
Fig. 1. How the thickness of the roof influences the lettable floor area: (a)
thick roof, and (b) thin concrete shell
(a)
(b)
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mension for the plastic duct, thus minimizing the distur-
bance in the compression field developing through the
shell [12, 13].) The thickness of the shell was increased 
to 120 mm in this region (between levels +4.24 m and
+13.35 m).
At the level of the connection to the concrete base-
ment (between levels +4.24 m and +5.14 m), shear studs
were also provided to ensure adequate shear strength and
deformation capacity in this region (subjected to parasitic
shear forces and bending moments).
The thickness of the shell was also 120 mm from lev-
el +21.60 m to the zenith opening. In the top part, the in-
creased thickness allowed the concrete shell to be linked
to a steel structure at the zenith opening (10.21 × 5.70 m);
this allows daylight to reach the inside of the mall. In ad-
dition, between levels +4.81 m and +18.78 m, there are sev-
eral circular openings (0.40 m dia.), see Fig. 2.
Concrete properties
The structure was cast using sprayed concrete from level
+4.24 m to level +19.90 m. This allowed conventional
(one-sided) formwork to be used for the entire shell.
Where the slope was sufficiently limited (< 20°, from level
+19.90 m to level +22.48 m), concrete was poured conven-
tionally. For both concrete types, a characteristic compres-
sive strength fck of 30 MPa at 28 days was specified.
Hooked metallic steel fibres (30 kg/m3) were used in
the sprayed concrete region between level +4.24 m and
level +13.36 m. The fibres have a length of 30 mm and a
length-to-diameter ratio of 80. The fibres were arranged to
enhance crack control (in the post-tensioned region) and
to improve the ductility of concrete under high normal
and shear forces (at the junction with the basement). The
sprayed concrete contained 300  kg/m3 of cement and
25 kg/m3 of lean lime (to enhance the workability of the
concrete). The aggregate sizes between 0 and 4 mm
 accounted for 70 % of the total, the rest ranging between 4
and 8 mm. Addition of water was performed at the spray-
ing gun.
3 Design aspects
Apart from some aspects that were governed by construc-
tional issues (e.g. shell thickness, as explained previously),
the design of the shell and its reinforcement was governed
by three structural aspects: the membrane (in-plane) inner
forces in the shell, the second-order effects and the non-
membrane (parasitic) bending and shear forces at the
junction with the concrete basement. The structure was
modelled using a 3D finite element model (using the com-
mercial program ANSYS) capable of performing linear
and non-linear analyses. A comparison of the software re-
Fig. 2. Main geometrical dimensions: (a) section along major axis, (b) section along minor axis
(a)
(b)
sults with some analytically solved cases such as spheres
[14] was also performed in order to check the accuracy
and relevance of the FEM results. This approach provided
refined solutions but with a means to control them and
check the suitability of the results obtained.
Membrane inner forces
The membrane (in-plane) tensile inner forces were gener-
ally moderate or low and could be handled by the mini-
mum reinforcement amount. The most significant excep-
tion to this rule was the large tensile forces occurring at
the equator of the shell (see Fig. 3). Design was performed
to ensure sufficient strength at the ultimate limit state as
well as to control crack widths at the serviceability limit
state. This required arranging post-tensioning in this re-
gion (monostrand tendons). In other parts of the structure
it was noted that the delayed strains in the concrete (main-
ly shrinkage) led to tensile stresses in some regions (par-
ticularly at the connection to the concrete basement)
which required the provision of sufficient reinforcement
for crack control (spacing and crack opening).
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Buckling behaviour
Buckling governed the design of the top region of the
shell, with minimum curvature and largest compression
forces. Design was performed according to IASS recom-
mendations [9]. In order to determine the buckling behav-
iour, non-linear analyses were performed considering the
initial imperfections, creep strains of concrete, the actual
cracked stiffness and the non-linear behaviour [9]. In addi-
tion, a sensitivity analysis was performed by assuming
large reductions in the stiffness in some selected cases
(cracking in selected regions of the shell, local imperfec-
tions combined with snow cases or temperature). This
modified the buckling modes (see Fig. 4), but with accept-
able results in all cases.
Edge forces
Non-membrane inner forces developed mostly at the con-
crete basement connection (edge forces due to compatibil-
ity). Also, non-membrane inner forces were observed in
the post-tensioned region and zenith opening (neverthe-
less, with a lower intensity than at the basement).
Fig. 3. Membrane (in-plane) inner forces: (a) equator region, where maximum tensile forces develop, (b) diagram of unitary force intensity
(a)
(b)
Fig. 4. Deformed shapes at buckling failure: (a) reduced stiffness at zenith opening connection, (b) reduced flexural stiffness at top of post-tensioned
 region, and (c) overall reduced flexural stiffness
(a) (b) (c)
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The edge forces (bending and shear) typically appear
at the boundaries of a shell and are well described in the
scientific literature [14]. Both forces can be calculated on
the basis of the shell geometry as
vy = vy,0 · exp(–λvs) ·cos(ωvs)
my = my,0 · exp(–λms) ·cos(ωms)
where
vy, my unitary shear forces and bending moments
at a distance s (perpendicular to the edge
direction)
vy,0, my,0 unitary shear forces and bending moments
at the clamped edge
λv, λm, λv, λm parameters depending on geometry of
shell [14] (radius of curvature, thickness,
Poisson’s coefficient, clamping conditions)
Both formulas lead to an exponential decay of the edge
forces modulated by a harmonic function. For the present
shell, the influence of the edge forces was almost negligi-
ble at a distance > 40 times the thickness of the shell (see
Fig.  5). Accounting for the various imposed strains and
load cases, the bending moments and shear forces at the
free edges could act with both positive or negative values.
The significance of the edge forces of the boundary
conditions should also be noted. For clamped edges, a
bending moment appears (my,0,clamp), which becomes zero
for a hinged shell at the edge line, but with a maximum
thereafter (with lowest absolute value anyway). Also, with
respect to the shear force, a shell supported on a clamped
edge exhibits a maximum shear force (at the supported
edge, vy,0,clamp) double that of a hinged shell at the edge
line (vy,0,hinged). Fig. 5 plots the normalized inner forces in
the region near the basement for two cases. The differ-
ences allow an appreciation of how the boundary condi-
tions and deformation capacity influence these forces.
Different strategies are usually followed to provide
suitable control of the edge forces. The first one consists
of increasing the thickness of the shell locally so that the
thrust line can be better accommodated (an analogous ap-
proach to that followed for stress ribbons [15]). Alterna-
tively, the reinforcement can be designed at the service-
ability limit state accounting for suitable crack control and
at the ultimate limit state assuming a plastic redistribution
of internal forces (plastic hinge, see Fig. 5, solution be-
tween clamped and hinged structures). This latter solution
requires a certain level of deformation capacity in the
edge region which is influenced by shear forces [16].
For the present shell, the second strategy was adopt-
ed to account for architectural and functional needs. The
Fig. 5. Comparison of non-membrane forces in vertical (radial) direction (normalized by maximum forces for a clamped case) as a function of the distance
to the clamped edge (s normalized by thickness of slab): (a) bending moments, and (b) shear forces
(b)(a)
Fig. 6. Shear and bending forces at the connection to the concrete basement: (a) location of theoretical thrust line, (b) behaviour of specimen tested with
shear studs, and (c) behaviour of specimen tested without shear studs
(a) (b) (c)
solution selected was tested in the laboratory, see Fig. 6.
Transverse reinforcement was provided (an amount equal
to 0.5 % of the concrete transverse surface) allowing suffi-
cient strength with a large deformation capacity (Fig. 6b).
This was instrumental and led to behaviour significantly
better than that of a reference control specimen (Fig. 6c)
tested without shear studs, which failed at a lower strength
but most significantly with a quite limited deformation ca-
pacity.
4 Construction of the shell
Formwork was placed over timber falsework, Fig. 7a. The
formwork was composed of panels bent in situ and
screwed in their corresponding positions (Fig. 7b). Rein-
forcement was then placed and concrete was sprayed or
poured in situ (Figs.  7c,  7d). Placing the reinforcement
and concreting the shell took about three months in total.
Once concreting was finished, decentering of the
shell was performed. This is probably the most critical
phase, and in some cases has led shells collapsing [17]. For
the present shell, the work was performed in a number of
phases in order to avoid decentering being the governing
design situation. Firstly, half of the post-tensioning force
was applied (one out of two tendons post-tensioned).
Then, the timber falsework in contact with the post-ten-
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sioned zone was removed, followed by the post-tensioning
of all tendons. This operation ensured correct post-ten-
sioning transfer to the concrete. Finally, the vertical struts
of the falsework supporting the top region of the shell
were gradually released, leading to complete decentering
of the structure. Measured deflections were recorded dur-
ing the process and were in good agreement with predict-
ed values. Some pictures of the completed work can be
seen in Fig. 8.
The cost of the concrete structure was 49 % for false-
work and formwork, 21 % for ordinary reinforcement, 5 %
for post-tensioning, 24 % for sprayed concrete and 1% for
poured in situ concrete. This reveals the relatively large
cost of falsework and formwork for this type of structure,
and points to the need for future research on more effi-
cient techniques.
5 Conclusions
This paper has provided a summary of the most relevant
aspects related to the design and construction of a con-
crete shell built in Chiasso, Switzerland. Its main conclu-
sions are:
– Concrete shells are efficient structures and can be used
as durable solutions for roofs or for covering large
spaces.
Fig. 7. Construction of shell: (a) temporary falsework, (b) placing of prestressing tendons, (c) spraying of concrete, and (d) pouring of concrete 
(a) (b)
(c) (d)
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– Concrete shells can be built with limited thicknesses,
thus maximizing the space inside them. This fact also
permits the amount of material and energy in their con-
struction to be minimized, thus contributing to a sus-
tainable construction approach.
– The design of concrete shells can be governed by as-
pects that are not always critical in other types of con-
crete structure, i.e. membrane forces, second-order ef-
fects and edge forces (for compatibility reasons), which
are potentially governing criteria in different regions of
the shell.
– Research and innovation are still required for formwork
and falsework. Traditional approaches lead to good re-
sults in terms of shape and quality, but double-curvature
surfaces lead potentially to excessively complicated (and
expensive) systems.
– Design for buckling of concrete shell structures is a
complex topic and is not suitably covered by codes of
practice. A review and update of such design provisions
should help and encourage designers in the use of con-
crete shell structures.
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